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The radiation emitted by horizonless exotic compact objects (ECOs), such as wormholes, 2-2-
holes, fuzzballs, gravastars, boson stars, collapsed polymers, superspinars etc., is expected to be
strongly suppressed when compared to the radiation of black holes. If large primordial curvature
fluctuations collapse into such objects instead of black holes, they do not evaporate or evaporate
much slower than black holes and could thus constitute all of the dark matter with masses below
M < 10−16M. We reevaluate the relevant experimental constraints for light ECOs in this mass
range and show that very large new parameter space down to ECO masses M ∼ 10 TeV opens up
for light primordial dark matter. A new dedicated experimental program is needed to test this mass
range of primordial dark matter.
Introduction
According to the original idea by Hawking [1], large
primordial fluctuation could collapse into primordial
black holes (PBHs) when entering into the horizon dur-
ing radiation dominated era. Consequently, the Universe
could be filled with light PBHs with mass M >∼ 10−5g
(corresponding to the Schwarzschild radius of one Planck
length) which could constitute the cosmological dark
matter (DM) [2–5]. However, the proposal of Hawk-
ing radiation [6, 7] changed this reasoning dramati-
cally. The light PBHs should evaporate and inject
extra photons into the Universe that have not been
observed [8, 9]. Combining all existing experimen-
tal constraints [8], no PBHs with masses smaller than
M <∼ 10−16M ∼ 1017g should exist today in any rel-
evant cosmological abundance. Above this limit, in the
mass range 10−16 <∼M/M <∼ 105, the lensing limits [10–
13], various astrophysical and cosmic microwave back-
ground constraints [14–19] as well as the PBH merger
rate estimates [20, 21] imply that the PBHs cannot be
the dominant DM component [22].
Those considerations are based on predictions of the
general relativity (GR). Theories beyond GR that at-
tempt ultraviolet completion of gravity contain new solu-
tions for exotic compact objects (ECOs), such as worm-
holes [23–25], 2-2-holes [26], fuzzballs [27, 28], gravas-
tars [29, 30], boson stars [31, 32], black stars [33, 34], su-
perspinars [35], collapsed polymers [36] etc. (see Ref. [37]
for the complete list of known proposals), whose proper-
ties mimic those of black holes if only long-distance grav-
itational effects are considered. Studying how to distin-
guish ECOs from black holes is currently one of the most
active research fields [38–44]. The new physics signatures
that allow one to discriminate ECOs from black holes
in the binary coalescence, such as the events observed
by LIGO [45, 46], include late in-spiral tidal effects and
post-merge ring-down tests. In the case of the latter,
the key point is that the absence of horizon of ECOs
generates new effects [47, 48]. For example, if these coa-
lescing objects are ECOs instead of black holes, gravita-
tional wave echoes following the ring-down phase should
be present [37].
As there is no observational evidence for Hawking radi-
ation, the experimental status of Hawking’s formula for
the temperature remains unclear. Therefore, it is well
motivated to study how its modifications will affect the
cosmological constraints. In this regard, the aim of this
work is to study the constraints arising from the radiation
of ECOs. Although in the absence of a horizon the usual
Hawking mechanism does not apply, the ECOs may still
radiate [23, 24]. To the best of our knowledge, the radi-
ation of ECOs has been studied only in the case of the
Damour-Solodukhin wormhole for which the luminosity
was found to differ drastically from black holes [24]. To
cover a wider range of possible modifications we consider
exponential-law and power-law changes to the Hawking
temperature. We find that such modifications can open
a new, wide mass window in which all the DM consists of
light primordial ECOs. Indeed, if large primordial curva-
ture fluctuations collapse directly into primordial ECOs,
which in theories beyond GR can be as fundamental as
black holes, those light primordial objects do not evapo-
rate during the Hubble time and should be present today.
Thus, the light primordial ECOs are perfect candidates
for the cold collisionless DM of the Universe.
To achieve this goal we first present a model-
independent phenomenological parametrization of the ef-
fectiveness of the radiation in the case of ECOs. After
that, we revise the constraints of Ref. [8] and show that
the astrophysical bounds on light primordial ECOs are
lifted. This opens up an entirely new mass window for the
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2primordial DM. Dedicated observations and experiments
are needed to test the new mass window for primordial
ECOs.
General considerations for ECO evaporation rate
The unknown quantum gravity effects are expected to
modify the Hawking radiation of light black holes by a
factor of few [49]. At the same time, the possible emitted
radiation rate for wormholes is exponentially suppressed
because of the absence of a horizon [23, 24]. Notice that
Hawking radiation has never been measured. In order to
describe the radiation of as wide a range of ECO can-
didates as possible, we first present completely model-
independent parametrization of the modified radiation
effects.
Assuming thermal radiation, the mass dissipation of a
spherical object of radius r is given by
dM
dt
' −456T 4r2 . (1)
We assume that the radius r of an ECO is related to
its mass M in the same way as in GR,1 r = 2M/M2P,
where MP is the Planck mass, and only their temperature
is different from the Hawking temperature by a mass-
dependent factor F (M/Λ) as
T =
M2P
8piM
F (M/Λ)−
1
4 . (2)
Here Λ is the characteristic energy scale of the modified
theory of gravity beyond GR which can vary from 10 TeV
up to the Planck scale, and the function F (M/Λ) is to
be specified later. The usual black holes correspond to
F (M/Λ) = 1, and F (M/Λ)−1 = 0 in the case that the
ECOs do not evaporate at all (T = 0). In our numerical
examples we shall consider two limiting cases, Λ = MP
and Λ = 10 TeV. The latter case corresponds to a sit-
uation when the fundamental gravity scale is as low as
allowed by the current experimental bounds.
Integration of Eq. (1) gives the evaporation time of an
object with mass M to be
t(M) =
∫ M
0
dm
128pi4
57
m2
M4P
F (m/Λ)
≤ 128pi
4
171
M3
M4P
F (M/Λ) ' 1065 M
3
M3
F (M/Λ) yr.
(3)
We shall use this last inequality in our numerical esti-
mates. The lower bound on the ECO mass comes from
1 This is a very good approximation for most of the ECO candi-
dates that mimic black holes [37].
the requirement that the evaporation time should be
longer that the age of the Universe, t(M) < 1010 yr,
which implies
M3
M3
F (M/Λ) > 10−55. (4)
Before considering some possible forms for the function
F , we would like to stress at this point that the assumed
temperature dependence on function F in Eq. (2) is mo-
tivated by the known behavior of purely gravitational
ECOs. For other types of ECOs, such as all the “stars”
listed in the Introduction, the possible forms of function
F may vary depending on the associated physics. In this
paper we are mostly interested in purely gravitational
ECOs whose production mechanisms are similar to PBH
production and which may, therefore, mimic the PBH
DM. Below we consider the exponential and power-law
behavior of F . The first one is motivated by the worm-
hole solution [24], and the second one by modifications to
black hole evaporation due to unknown quantum gravity
effects.
Exponential law. For ECOs without a horizon, the
natural expectation is that the emitted radiation rate is
exponentially suppressed compared to the Hawking radi-
ation of black holes, F (M/Λ) = e(M/Λ)
n−1. Taking the
logarithm of Eq. (4), and dropping the logarithmic term
ln(M/MP), we arrive at a bound
M > Λ 1371/n. (5)
i) The case Λ = MP and n = 2 corresponds to the
Damour-Solodukhin wormhole [24]. In this case the lower
bound is of order of few dozen Planck masses,
M > 68MP ' 10−38M. (6)
ii) In a general case, unless n is extremely small, the
numerical factor in Eq. (5) is between 1 and 102, and the
ECO mass bound is basically set by the value of Λ. For
Λ = 10 TeV we find
M > 10−53M, (7)
consistent with our estimates after Eq. (10).
Power law. To describe ECOs whose evaporation is
modified less drastically than for the exponential sup-
pression, a natural choice for F is the power-law depen-
dence, F (M/Λ) = (M/Λ)α. If α < −3 the ECO never
completely evaporates (the integral in Eq. (3) does not
converge). For α > −3 Eq. (4) implies
M > 10−β(α)
(
Λ
MP
) α
3+α
M , β(α) =
55 + 38α
3 + α
. (8)
Considering the two limiting cases for the fundamental
scale of gravity we obtain:
3i) If Λ = MP then
M > 10−β(α)M. (9)
The case of usual Hawking temperature corresponds to
α = 0 with the usual bound M > 10−18.3M, for α of
order unity one has β ≈ 23, and in the limit α → ∞
the bound becomes much weaker, M > 10−38M 'MP.
ECOs evaporate completely faster than the usual black
holes if −3 < α < 0, and for example α = −1 gives a
bound M > 10−8M.
ii) If the scale Λ is much lower than the Planck scale,
the ECO mass bound can be even weaker. For instance,
if Λ = 10 TeV = 10−15MP, one finds
M > 10−γ(α)M , γ(α) =
55 + 53α
3 + α
. (10)
In this case the allowed mass of primordial ECOs can be
as low as M > 10−53M ' 10 TeV, consistent with the
cutoff scale Λ.
Reevaluation of experimental bounds
The ECO mass bounds derived in the previous sec-
tion present rough but robust estimates for the primor-
dial ECO DM mass limits. More rigorously, experi-
mental constraints on the evaporating ECOs arise from
the big bang nucleosynthesis (BBN), distortions of the
cosmic microwave background, reionization of the Uni-
verse, injection of extra entropy, possible modifications
of baryogenesis, generation of large positron and an-
tiproton fractions in the cosmic ray fluxes and, above
all, from the galactic and extragalactic γ-ray background
measurements. Among the many observables, in prac-
tice, only two of them turned out to be relevant for
constraining the light, M <∼ 10−16M, PBH and ECO
abundance. For the PBHs and ECOs that have com-
pletely evaporated by now, the most stringent bounds
arise from secondary γ-ray flux from their evaporation,
and, at even smaller masses, from BBN [8]. These bounds
constrain the primordial power spectrum at very small
scales [50–52]. However, so light ECOs cannot consti-
tute the present DM abundance, and are not of interest
for us. For the light ECO DM that exists today, the
most stringent bounds arise from the measurements of
the extragalactic γ-ray background. In fact, the primary
γ-ray flux from their evaporation turns out to be the
only relevant process to consider [8]. The extragalactic
γ-ray flux plays a very important role also in constraining
properties of annihilating or decaying weakly interacting
massive particles [53, 54] (for a review see [55]). Here we
reevaluate the extragalactic γ-ray constraints for generic
ECOs with a modified radiation rate. We assume that
the ECOs have a single mass. The constraints derived
here can be generalized to wider mass distributions e.g.
using the methods of Ref. [22].
The present-day primary photon flux produced by
evaporating ECOs is a superposition of the instantaneous
emissions from all previous epochs. The emission rate per
volume at cosmological time t is given by
dnγ
dt
= nECO(t)Eγ
dN˙
dEγ
(Eγ ,M) , (11)
where nECO(t) is the ECO number density which de-
termines the fraction of DM in ECOs today at t = t0,
fECO ≡ MnECO(t0)/ρDM(t0), Eγ is the emitted photon
energy and dN˙/dEγ is the rate of photons emitted by an
ECO in the energy interval (Eγ , Eγ + dE). The form of
this rate is determined by the usual black body radiation
to be
dN˙
dEγ
(Eγ ,M) =
1
2pi
Γ(Eγ ,M)
eEγ/T − 1 , (12)
where Γ is the absorption coefficient which can be ap-
proximated in the high-energy limit, Eγ  T , as [56]
Γ(Eγ ,M) = 27E
2
γG
2M2 . (13)
The observable primary photon flux IECO(Eγ ,M) ≡
nγ(Eγ ,M)/(4pi) is obtained by the integrating Eq. (11)
over the time. It is crucial to notice that the average en-
ergy of the emitted photons is determined by the temper-
ature alone, Eavγ = 5.7T , and the peak energy is within
7% of this value [57]. Therefore, to a good approxima-
tion, the rescaling of the temperature of radiation ac-
cording to Eq. (2) will also rescale the predicted γ-ray
flux.
The relevant data on the extragalactic γ-ray back-
ground starts at MeV and extends to several hundreds of
GeV. To quantify how the bounds depend on the func-
tion F (M/Λ) in Eq. (2) we express the flux in terms
of the extragalactic γ-ray flux for PBHs. Applying the
temperature rescaling for ECOs, T = TPBHF (M/Λ)
−1/4,
together with TPBH ∝ M−1 to Eqs. (11)-(13) we obtain
the relation
IECO(Eγ ,M) =
IPBH(Eγ ,MF (M/Λ)
1
4 )
F (M/Λ)
1
4
. (14)
The amplitude of the flux is directly proportional to
fECO. Thus, the experimental bounds on the γ-ray flux,
I(Eγ ,M) < Imax(Eγ), constrain the fraction of DM
in ECOs, fECO(M) < minEγ [Imax(Eγ)/I(Eγ ,M)] ≡
fmaxECO(M). The minimum is attained at the peak en-
ergy which is proportional to the temperature. By using
Eq. (14) we can then relate the maximal allowed fraction
of DM in ECOs at given mass M to the maximal PBH
DM fraction,
fmaxECO(M) = F (M/Λ)
1
4 fmaxPBH
(
F (M/Λ)
1
4M
)
. (15)
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FIG. 1. Constraints on a fraction of DM in ECOs, fECO,
as a function of ECO mass M . The dotted, dotted-dashed,
and dashed purple lines show upper bounds on fECO from ex-
tragalactic γ-ray measurements for F (M/Λ) = (M/Λ)α with
Λ = MP and values of α as indicated in the figure. The ver-
tical gray lines show the corresponding bounds arising from
the ECO lifetime alone. The colored regions show constraints
from femtolensing (FL) [10], white dwarfs (WD) [15], neu-
tron stars (NS) [14] and microlensing (HSC) [11]. For ECOs
whose radiation is exponentially suppressed, the mass bounds
are lowered by another 30 orders of magnitude.
We use fmaxPBH = 3.5 × 1055(MPBH/M)3.4 up to arbi-
trary small masses, though, in particular, above Eγ ∼
100 GeV the constraints on the γ-ray flux get significantly
weaker [58]. However, in the region where this happens
the γ-ray constraint is practically negligible, as we will
see in the next section.
Results
Using the results above, we plot in Fig. 1 the upper
bounds on the fraction of DM in ECOs, fECO, aris-
ing from the extragalactic γ-ray measurements as func-
tions of ECO mass M assuming the power-law function
F (M/Λ) = (M/Λ)α, where the values of α are presented
in the figure. For the values of fECO ≈ 1 in which we are
interested in this paper, the bounds from extragalactic
γ-ray measurements are up to two orders of magnitude
more stringent than the ones derived from the ECO life-
time, also presented in Fig. 1. The main result is that
already for small values of α > 0, a new parameter space
opens up where there is no experimental constraints for
the ECO DM abundance. Therefore, all of the DM can
be in the form of objects that radiate less effectively than
the classical PBHs, either in ECOs or, for small values
FL
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FIG. 2. The purple lines show the smallest allowed ECO
DM mass, Mmin, for fECO = 1 and F (M/Λ) = e
(M/Λ)n−1
as a function of n for three different values of Λ. The gray
lines depict the corresponding bounds from the ECO lifetime,
and the red region is excluded by the femtolensing (FL) con-
straint [10]. The vertical line highlights the case n = 2 corre-
sponding to the wormhole solution [24].
of α, in PBHs where Hawking radiation is modified by
unknown quantum gravity effects.
Fig. 1 illustrates bounds on ECO DM for small devi-
ations from the Hawking radiation. If the emitted radi-
ation is exponentially suppressed, as is expected for the
horizonless ECOs such as wormholes, the mass bounds
are further lowered by 30 orders of magnitude.
To study which range of ECO masses are reachable
by our considerations, we plot in Fig. 2 lower bounds on
the smallest allowed ECO mass Mmin for which all DM
can be in ECOs, fECO = 1, as functions of n for the ex-
ponentially suppressed ECO radiation rate F (M/Λ) =
e(M/Λ)
n−1. This case is motivated by the wormhole so-
lution [24] that is highlighted in the figure. We see that
the results depend strongly on the cutoff scale Λ. Because
the scale of the UV theory of gravity is unknown, stable
ECO masses as low as 10 TeV are possible. Therefore,
the stable ECOs that constitute 100% of the DM of the
Universe need not be macroscopic objects like PBHs. In-
stead, they can be more exotic solutions with masses just
above the present reach of the LHC and other particle
physics experiments.
Discussion and Conclusions
We demonstrated that light primordial ECOs or
PBHs with modified Hawking radiation at masses below
10−16M can constitute 100% of the DM of the Universe
without contradicting any experimental bound. The key
5point that allowed us to reach this result is the absence of
a horizon for ECOs, which drastically modifies the emit-
ted radiation rate of those objects compared to PBHs.
As a result, the ECO lifetime is significantly prolonged
allowing for the existence of very light primordial objects.
We showed that, similarly to the PBHs, the most strin-
gent lower bounds on primordial ECO masses arise from
the extragalactic γ-ray measurements. As is evident from
Figs. 1 and 2, a new, very large mass window is opened
for the primordial ECO DM that mimics the PBH DM.
In the extreme cases, when the fundamental cutoff scale
of gravity is much below the Planck scale, the primordial
ECOs can be as light as 10 TeV, resembling particles
rather than macroscopic objects. The most important
conclusion, therefore, is that new dedicated observations
and experiments are needed to test this mass region of
primordial DM.
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